Abstract: Reconfigurable unidirectional transmission based on the nematic liquid crystal (NLC) layer and 2-D photonic crystal (PhC) platforms is presented and simulated. The suggested one way transmission can be tuned at different wavelengths based on the NLC biasing state. A comprehensive parametric study using plane wave expansion and finite difference time domain (FDTD) methods has been carried out for explaining and optimizing the performance of the proposed structure. The transmission spectra calculations reveal that the reported structure can perform nearly perfect isolation at two different bands (1406-1412 nm and 1416-1421 nm) with an average contrast ratio (Cr) of about 36.9 dB. The investigated unidirectional PhC structure has advantages in terms of compactness and reconfigurability and can be used efficiently in ultrahigh nanoscale integrated circuits.
Introduction
Unidirectional transmission device is needed to isolate the source from back reflections in many potential applications such as biomedical imaging [1] , optical communication [2] , quantum computers [3] , and photonic integrated circuits (PICs). As reported in [1] , the One way transmission device is needed to prevent the light back-reflection in optical coherence tomography (OCT) that performs real time in vivo cross-sectional tomograms of skin, esophagus and coronary artery. Further, as reported in [4] , one way transmission device is mandatory for implementation of image encryption system.
The traditional mechanism to realize optical isolation is via magneto-optic materials, in which large number of elements should be deposited on polycrystalline films [5] - [7] . However, such technique suffers from integration difficulty with recent integrated photonic systems [8] . Recently, number of alternative and more compact approaches based on different physical principles such as, non-linear optics [9] - [11] , metamaterials [12] - [14] , plasmonics [15] , [16] , and photonic crystals (PhCs) with pseudo-bandgaps [17] - [19] have been reported. Based on these studies, it can be concluded that plasmonic isolators have practically narrow operating frequency band while the implemented isolators using PhC platforms have lower isolated contrast ratio of around 15 dB with higher losses. Recently, an alternative unidirectional device based on silicon grating and PhC with pseudobandgap has been reported [20] . Such structure is simple, compact and offers efficient isolation over a wide range of frequency with high contrast ratio of around 18.7 dB at frequency of 220.5 THZ. Nowadays, one of the greatest challenges is to have reconfigurable photonic devices. Injection of liquid crystal (LC) materials in the PhC platform cavities is commonly employed for controlling the operation of the optical devices [21] - [23] . The orientation of the LC molecules and hence the refractive index of LC can be modulated with the effect of temperature and/or an external electric field [24] - [26] .
In this paper, we propose and simulate reconfigurable one-way optical transmission based on nematic LC (NLC) layer and 2-D PhC platform. Firstly, to allow one way transmission, integration between two PhC structures is suggested. The first PhC structure PhC#1 that is composed of nine circular rods arranged in a square lattice is repeated along one dimension with spacing of 1130 nm. Such PhC pattern is inserted on the left of another square lattice PhC structure with different dimensions (PhC#2). To allow isolation reconfigurability at different operating wavelength zones, hollow rectangular Si pan infiltrated with NLC layer is inserted in the midway of the considered PhC platform (PhC#2). Detailed descriptions of the proposed structure are given in the next sections. All simulation results such as band structure and transmission spectra have been calculated using plane wave expansion (PWE) [27] and 2-D finite difference time domain (FDTD) [28] methods, respectively. The transmittance through the one-way device based on the combination between PhC#1 and PhC#2 only shows that a light with wavelength ranging from 1355-1375 nm can be passed from the front side. However, such wavelength range will be totally reflected by the structure from the back-side with contrast ratio of around 39.2 dB. On the other hand, the integration between the PhC#1, PhC#2 and NLC layer enables one way transmission at two different bands centered at 1409 nm and 1419 nm according to the NLC biasing state. The proposed unidirectional transmission structure is attractive as it can be effectively employed for the optical isolation in image encryption systems [29] and medical instruments, such as the blood gas analyzer [30] . and PhC#2 is d = 93 nm, and the refractive index of silicon is set to 3.49. Silicon is an abundant element and is commonly used in several applications such as implementing of photonic crystal devices [31] - [35] and solar energy harvesters [36] .
Unidirectional Phc and Design Concept
First, to explain the physical operation of the proposed unidirectional transmission device, PWE method [27] is employed to calculate the band structures of the PhC platforms PhC#1 and PhC#2. It is found that there exists a quasi-bandgap (gray region) ranging from A 2 /λ = 0.448 to 0.4086 (λ = 1339 nm to 1468 nm) for PhC#2 as shown in Fig. 2(a) . Such quasi-bandgap means that the light can be propagated along M-direction with no light propagation along -X direction. It is worth noting that an array of PhC#1components has been adopted instead of conventional grating reported in [20] to change the direction of the incident light ranging from (λ = 1355 nm to 1375 nm) along -X direction (stop band) to M-direction (pass band) and to pass the light through the composite structure. The importance of the proposed modification can be identified with the aid of the calculated band structure shown in Fig. 2 (b), which shows that PhC#1 has quasi-bandgap (gray region) ranging from A 1 /λ = 0.1556 to 0.1862 (λ = 1234 nm to 1478 nm). Therefore, the use of the PhC#1 components will minimize the transmittance through the -X direction in the forward propagation and consequently narrow optical isolation band can be obtained as will be shown later in Fig. 4 discussion. Fig. 3 studies the effect of the array of PhC#1 components on the light propagation through the proposed design. As evident from Fig. 3(a) , the PhC#1 can split the incident light with wavelength λ = 1364 nm from gray region in Fig. 2 (a) into several beams travelling in different directions. The electric field passes through the periodic PhC#1 platform and is divided into 3 diffracted orders (n = 0, n = ±1, n = ±2). Further, the fraction of the transmitted power to each physical diffracted order is calculated for a given platform as shown in Fig. 3(b) .The transmission is normalized such that the sum of all orders is equal to 1. It may be seen from Fig. 3(b) that the transmission for zeroth order ( -X direction) and 1st order are approximately equal to zero. On the other hand, each of the 2nd grating orders ( -M direction) has large transmission of about 0.49. As a result, the light entering form the PhC#1 side (forward direction) is allowed. However, the incident light form PhC#2 interface (backward direction) is blocked. Additionally, Fig. 3(c) shows the transmitted diffraction pattern after the component PhC#2 at λ = 1364 nm. It is clearly evident from the figure that the transmission for the zeroth order ( -X direction) and first order are equal to zero while, each of the second grating orders ( -M direction) has a large transmission of about 0.5. It is worth noting that there is a good agreement between the calculated diffraction pattern and the band structure diagram shown in Fig. 2(a) , where the PhC#2 structure allows only the propagation along -M direction.
Next, 2-D FDTD method based on Lumerical software [28] has been applied for calculating the forward and backward transmission spectra through the proposed structure. A computational window of size 1 μm × 1 μm × 7.91 μm has been discretized with a uniform mesh where the grid spacing are chosen as ( x = y = 10 nm). Further, the computational window is bounded from all sides by 500 nm thickness of perfectly matched layer (PML) absorbing boundary conditions. Figure 4(a) shows the calculated transmission spectra of a TM polarized light normally incident from PhC#1 side (forward, cyan line) and PhC#2 side (backward, blue line). Additionally the figure shows the calculated forward and backward transmission spectra of the previously reported gratingPhC structure [20] . It is evident from this figure that in the forward propagation, the transmission spectrum of the proposed (PhC#1-PhC#2) structure is mush narrow than the spectrum of the previously reported (grating-PhC)structure [20] . This can be rooted to the use of the 1D array of the PhC#1 components. It is also abbreviated from Fig. 4 that the transmission of light through the proposed unidirectional transmission device in the forward direction forms relatively sharp peak of about 0.836 at wavelength of 1364 nm, while the transmission in the backward direction is around 0.0001. The contrast ratio (C r ) has been employed to quantify the performance of the reported structure, and it is given by Contrast ratio (C r ) = 10 log F B
where F and B are the forward and the backward transmissions, respectively. Based on the transmission calculations, the proposed structure enables one way transmission with C r of about 39.2 dB at λ = 1364 nm. The isolation capabilities of the reported unidirectional transmission structure are more evident by the captured field distributions at λ = 1364 nm in the forward and backward directions shown in Fig. 4(b) . The displayed fields clearly agree with the simulated transmission results where the incident light from PhC#1 side can propagate through the structure while the incident light form PhC#2 side is completely reflected back by the PhC#2.
Next, to allow isolation reconfigurability between two different operating wavelength regimes, the combination between the NLC and the studied unidirectional transmission in PhC structure is presented as shown in Fig. 5 . By studying the geometrical parameters and biasing states of the NLC layer, it will be easy to control the position of the transmission peak of the dashed line shown in Fig. 4 (a) and thereby one way transmission behavior at different wavelength bands can be obtained.
Reconfigurable Unidirectional Phc Structure
Fig . 5 shows the suggested reconfigurable unidirectional transmission structure based on 2D-PhC platform with the NLC layer. As shown in Fig. 5 , hollow rectangular Si pan (gray rectangular) infiltrated with NLC layer of type E7 is inserted in the midway of PhC#2 structure. The distance between the Si pan with wall thickness t = 375 nm and dashed blue rectangular is equal to 600 nm. The orientation of the NLC molecules and the NLC refractive index can be modulated by applying an external electric field. Figure 5 (a) shows a proposal for electrodes alignment in which the two electrodes are aligned along y axis to modulate the biasing state of the NLC layer. The relative permittivity tensor ε r of the E7 is taken as [37] 
where ϕ is the rotation angle of the NLC director, which can be controlled by using electric electrodes, as shown in Fig. 5(b) . In the NLC unbiased state, the director of NLC molecules is aligned along x-axis with rotation angle ϕ = 0
• . Therefore, the light polarized in y-direction depends on the ordinary index n o . However, in the heavily biased state, the NLC molecules are aligned with a rotation angle ϕ = 90
• . In this case, the y-polarized light is affected by the extraordinary index n e . The injection of the NLC can be applied by the very precise technique reported in [38] . This technique is based on utilizing a micropipette with outer diameter tip that is computer controlled by a 3 axis Eppendorf TransferMan NK 2micro-manipulator.
Additionally, in order to ensure that the alignment of the NLC molecules can be obtained successfully, an important analysis is made where Gauss law is solved along with the electric potential electric field relation given by ∇ · D = ρ and E = −∇V, where D is the displacement field, E is the electric field, V is the electric potential, and ρ is the charge density which is equal to zero for a dielectric material. The FVFEM based on Comsol Multiphysics Software [39] is used to solve the two equations over a rectangular shaped computational domain (7.2 μm × 12.6 μm). The electrodes voltage is taken as 100 V which is greater than the Fréedericksz threshold [40] . In this study, the degree of freedom is equal to 68559 with minimum element size of 3.78 nm and Dirichlet boundary conditions for the electric potential. It may be seen from Fig. 5(c) that the electric potential and the electric field are uniform inside the NLC region. Therefore, the surrounding PhC structures will not affect the uniformity of the electric field through the NLC.
Comprehensive parametric study has been carried out to achieve one way transmission that can be configured to function at different wavelength zones based on the biasing state of the NLC layer. Figure 6 shows the calculated forward and backward transmission with respect to the wavelength with different NLC cross section areas. It can be noted from these figures that the shift between the peaks of the transmission for biased and unbiased NLC can be increased from 2 nm up to 10 nm by increasing the cross sectional area of the NLC layer from 1.87 to 11.05 μm 2 . The figure of merit (FOM) based on the spectral shift (λ 2 − λ 1 ) and the half power beam width (HPBW) of the transmitted beam at the biased NLC has been employed to quantify the performance of proposed reconfigurable unidirectional structure as follows:
where λ 1 and λ 2 are the centers of the transmitted bands at the heavily biased and unbiased states, respectively. The calculated transmission with small NLC area offers forward transmission at λ 1 = 1425 nm with HPBW = 5 nm at heavily biased state and forward transmission at λ 2 = 1427 nm at the unbiased state as shown in Fig. 6(a) . Consequently, the FOM value reads 0.4. However, using cross sectional area of 7.15 μm 2 results in FOM of about 0.8 where the spectral shift and the HPBW are equal to 5 nm and 6 nm, respectively as shown in Fig. 6(b) . Moreover, by increasing the width w 1 to 1.7μm, the FOM reads 0.75 as shown in Fig. 6(c) . In order to further increase the FOM, we have increased the area of the NLC layer to 11.05 μm 2 as shown in Fig. 6(d) . It may be noted from Fig. 6(d) that the values of the spectral shift, HPBW and FOM are equal to10 nm, 7 nm and 1.42, respectively.
Additionally, the impact of the continuous variation between the ordinary and extraordinary refractive indices on the performance of the proposed reconfigurable unidirectional PhC structure has been investigated as shown in Fig. 7 . The figure illustrates that increment of the rotation angle ϕ of NLC director between ϕ = 0
• and ϕ = 90
• shifts the unidirectional band towards longer wavelengths. Fig. 8(a) and (b) shows the captured electric field distributions at λ = 1409 nm and λ = 1419 nm in the forward and the backward directions for heavily biased NLC and unbiased NLC, respectively. It can be observed that the field distributions clearly agree with the transmission spectra behavior, where the incident light from PhC#1 side can propagate through the structure while the incident light form PhC#2 side is completely reflected back by the PhC#2.
The tolerance with respect to the fabrication errors has been also investigated. The variation in all geometrical parameters by the percentage, and its impact on the FOM and C r has been evaluated and plotted as shown in Fig. 9(a) . For example, with increasing all parameters (A 1 , d 1 , A 2 , d 2 , L 2 , w 1 and d) by +5%, the FOM and C r read 1.42 and 36.9 dB, respectively. We can see from the figure that the overall acceptance tolerance will be within ±5% where the acceptable FOM values are within the range of 1.28:1.42 with minimum variation in the C r within the range of 35:38 dB. Further, the performance of the proposed reconfigurable unidirectional PhC structure at different the temperatures has been studied. Fig. 9(b) shows the impact of temperature variation from 15°C to 50°C on the contrast ratio C r . It may be noted from this figure that the temperature variation slightly affects the performance of the proposed structure with no more than 1% variation in the C r value. Finally, the tolerance with respect to the errors in obtaining the heavily biased NLC (ϕ = 90
• ) the unbiased NLC (ϕ = 0
• ) has been evaluated. Fig. 9(c) shows the variations in the directional angle ϕ = 90
• and 0 o of the NLC molecules by ϕ and their impact on the contrast ratio. As may be observed from the figure, there is a tolerance of ϕ = 5
• at which a slight degradation in the C r value form 37.4 dB to 37.1dB. 
Conclusion
We have presented and simulated unidirectional transmission PhC structure with C r of about 39.2 dB at λ = 1364 nm. Additionally, the proposed structure has been integrated with NLC layer to obtain reconfigurable one-way optical transmission device. Hollow rectangular Si pan infiltrated with NLC layer of type E7 is inserted in the midway of the PhC#2. Reconfigurable optical isolator can be configured to isolate different operating wavelengths based on the biasing state of the NLC layer. The simulation results reveal that the proposed structure can perform nearly perfect isolation at two different bands centered at 1409 nm and 1419 nm with an average contrast ratio (C r ) of about 36.9 dB. Further, the fabrication tolerances of the suggested devices show that the fabrication errors need to be controlled with no more than ±5%. The proposed unidirectional transmission based NLC can be exploited to implement key functionalities required in different applications such as biomedical imaging and optical communication.
